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Figure S1. Localization of ZYX-1 binding partners in the zyx-1(gk190) mutant
Antibodies directed against ALP-1, DEB-1, DYC-1, UIG-1, LIM-8, LIM-9 and SCPL-1 were
used to stain the respective proteins in body wall muscles of N2 (wild-type) and zyx-1(gk190)
worms. No significant modification of the localization of any of the analyzed proteins was
detected in the  zyx-1(gk190)  mutant when compared to wild-type.  Scale bar 10 μm for all
images.
Figure S2. Localization in body wall muscle cells of ZYX-1-GFP and DEB-1 in wild-type
and the atn-1(ok84) mutant and of DYS-1-GFP and DEB-1 in wild-type.
A-F: Localization of ZYX-1-GFP in body wall muscles of wild-type (A and green in C) and
the atn-1(ok84) mutant (D and green in F). DEB-1 antibody was used as a positive control for
dense bodies organization in wild-type (B and red in C) and atn-1(ok84) mutants, (E and red
in F). The ZYX-1-GFP and DEB-1 staining partially overlap (merges in C and F). Note that in
the atn-1(ok84) mutant the DEB-1 and ZYX-1-GFP proteins are still present at dense bodies
but their localizations are enlarged compared to wild-type muscles.
G-I: Localization of DYS-1-GFP and DEB-1 in body wall muscles of wild-type worms. DYS-
1-GFP in G, DEB-1 in H and the merged image in I shows DYS-1-GFP in green and DEB-1
in red. The DYS-1-GFP protein is abundantly expressed in striated body wall muscles where
it localizes in broad bands overlapping  actin containing thin filaments,  i.e. overlapping  the
whole sarcomere except for the H-zone. The DYS-1-GFP staining seems to be less abundant
at the basis of dense bodies and partially overlaps with the DEB-1 staining. 
Scale bar 10 μm for all images.
Figure S3. Phalloidin-rhodamin staining of the dys-1(cx18); hlh-1(cc561) double mutant
and the dys-1(cx18); hlh-1(cc561ts); zyx-1(gk190) triple mutant
A-B: Body wall muscles cells analyzed after phalloidin-rhodamin staining of a dys-1(cx18);
hlh-1(cc561)  double  mutant  (left)  and  a  dys-1(cx18);  hlh-1(cc561ts);  zyx-1(gk190) triple
mutant (right).  Muscle cells of one quadrant were surrounded by dotted lines. Degenerated
muscle cells are labeled in red. The triple mutant presents a diminution by 40% of muscle
degeneration when compared to the double mutant (2 degenerated cells  versus 5). Scale bar
100 μm for both images.
C-D: Enlargement of areas  of  interest  indicated by the  white rectangles  in A and B.  Red




Figure S4. Western blots analysis of Z YX-1-GFP and ZYX-1 proteins 
A: Proteins extracted from wild-type worms (lane 1), transgenic worms carrying the pKG001
(lane 2) and pKG106 (lane 3)  plasmids were analyzed by Western blot  using an antibody
directed against GFP. No GFP signal was detected in wild-type worms (lane 1). The bands
observed in lane 2 correspond to the predicted proteins encoded by the pKG001 transgene
lacking the third LIM domain: 90 kDa for ZYX-1a-GFP (*) and 45 kDa for ZYX-1b-GFP
(arrowhead), these proteins are both fused to the 29 kDa GFP protein. The bands observed in
lane 3 correspond to the predicted proteins encoded by pKG106: 95 kDa for ZYX-1a-GFP (*)
and 50 kDa for ZYX-1b-GFP (arrowhead). In both lanes 2 and 3, the signal of the long ZYX-
1a isoform was estimated with Image Lab Biorad Software to correspond to 6% of the total
detected ZYX-1-GFP proteins.
B: Western blot using the monoclonal antibody directed against ZYX-1 were performed on
proteins extracted from wild-type  and the  zyx-1(gk190) mutant (lanes 4 and 5). A 23 kDa
protein corresponding to the predicted small ZYX-1b isoform is detected in wild-type worms
but not in the mutant, along with some weak and non specific bands. We were unable to detect
the long ZYX-1a isoform with this antibody although the  zyx-1a mRNA is present in wild-
type (as  shown in  C). The  numbers  on  the  left  correspond to  the  size  in  kDa  of  ladder
proteins.
C:  zyx-1a and  zyx-1b mRNAs  are  schematically  represented  with  the  specific  sequences
amplified by RT-qPCR (113 and 132 bp respectively). Note that the forward primer for zyx-1b
is located in the 5’ untranslated region.
D: zyx-1a and zyx-1b mRNA levels quantified by RT-qPCR using act-1 as housekeeping gene
control.  The zyx-1b mRNA is twice more abundant than  zyx-1a mRNA. Bars correspond to
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SUPPORTING INFORMATION 
Table S1 : Names and genotypes of the various C. elegans strain used in this study. 
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Figure S1: Phalloidin-rhodamine staining of actin filaments in striated muscles of C. 
elegans.  
The top panel shows an entire wild-type nematode stained for actin with phalloidin-
rhodamine. Vulval, pharyngeal and some of the 95 diamond shaped striated body wall 
muscles are pointed with arrows. The lower panel shows striated body-wall muscles cells 
(arrow) of a wild-type animal (A), of a dystrophic LS587 dys-1(cx18); hlh-1(cc561) mutant 
worm (B), and of a dystrophic LS587 dys-1(cx18); hlh-1(cc561) mutant treated with 
cyclosporine A (100nM) (C). Dystrophic dys-1(cx18); hlh-1(cc561) mutants show a high 
number of degenerating muscles cells (diamond arrows in B) rarely seen in cyclosporine A 
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Figure S2: Effects of drug and RNAi treatments upon muscle degeneration and growth 
rate.  
A, Effect of cyclosporine A treatment on muscle degeneration of single dys-1(cx18) mutants. 
B, Effect of dsRNA exposure and chemical treatment on growth rate of dys-1(cx18); hlh-
1(cc561) double mutants, dys-1(cx18) single mutants, and wild-type (wt) worms. Growth rate 
correspond to the time (in hours) from eggs to reproductive adult worms. C, Effect of 
chemical treatments and knockdown experiments on locomotion rate of dys-1(cx18); hlh-
1(cc561), dys-1(cx18) and wild-type (wt) animals. L4440, bacteria carrying an empty vector 
(negative control). cah-4, Carbonic Anhydrase 4 (positive control). Meth, methazolamide 
(Carbonic Anhydrase inhibitor, positive control). CycloA, cyclosporine A. Animals were 
grown 8 days at 15°C unless stated otherwise. Mean of 20 nematodes ± Standard Error of the 
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Figure S3:  Phylogenetic relationship of Mus musculus (M.m) and putative C. elegans
cyclophilins (CYN-1 to -16).  
The tree was constructed by the maximum likelihood method. The number at each node 
represents bootstrap values from 500 replicates. The C. elegans Carbonic Anhydrase 4 (CAH-
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Figure S4: Confocal microscopy images of mitochondrial morphology in different C. 
elegans strains.  
LS541 dys-1(cx18) ccIs4251, LS762 hlh-1(cc561) ccIs4251 and LS761 dys-1(cx18) ccIs4251; 
hlh-1(cc561) mutant animals present muscle cells exhibiting abnormal mitochondrial 
fragmentation when compared to control animals (PD4251 ccIs4251 strain). Animals were 
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Figure S5: Mitochondrial fragmentation pattern appears before actin filament 
abnormalities in muscle cells of dystrophin-deficient nematodes.  
Mitochondria (GFP, green) of LS761 dys-1(cx18) ccIs4251; hlh-1(cc561) mutants exhibit a 
fragmented pattern before disruption of actin filaments stained with phalloidin-rhodamine 
(red) can be detected (muscle cell indicated by blue arrows). The mitochondrial GFP signal 
starts to disappear in cells that present first signs of actin filament disruption (white arrow). 
The mitochondrial GFP signal is no longer visible after muscle cell degeneration/death 
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Figure S6: Representative images of the mitochondrial network in muscle fibers of 6 dpf 
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A, B, Control siblings still present a mitochondrial network with a tubular pattern. C, D,
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Figure S7: Representative images of mitochondrial network observed in muscle fibers of 
4dpf wild type and dmdpc2+/+ zebrafish larvae.  
At 4dpf, wild-type zebrafish larvae (A, B) exhibit muscle fibers with tubular mitochondria 
whereas dmdpc2+/+ homozygote zebrafish embryos (C, D) present mostly muscle fibers with 
??????????????????????? ?? ???????????
??? ?
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fragmented mitochondria. At this stage, in dmdpc2+/+ larvae some muscle fibers lost the 
myotendinous junctions and appear retracted (white arrows), these fibers always exhibit a 
strongly fragmented mitochondrial network. Mitochondria in fibers that are still attached to 
the myoseptum (red arrows) present a milder fragmented phenotype, but are also strongly 
fragmented compared to control siblings. Note in C’, a non-detached muscle fiber (red arrow), 
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Figure S8: Confocal microscopy images of mitochondrial GFP of the DMD worm model 
LS761 dys-1(cx18) ccIs4251; hlh-1(cc561) subjected or not to RNAi.  
Confocal microscopy images of mitochondrial GFP pattern observed in LS761 dys-1(cx18) 
ccIs4251; hlh-1(cc561) animals subjected to control (A), cyc-2.1 (B) or itr-1 (C) RNAi. 
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Figure S9: Primers used to generate constructs encoding the SP-cyc and SP-cyc-HA
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Video S1: Behavioral and fluorescent pattern of PD4251 ccIs4251 (A), LS541 dys-
1(cx18) ccIs4251 (B), LS762 ccIs4251; hlh-1(cc561) (C) and LS761 dys-1(cx18) ccIs4251; 
hlh-1(cc561) nematodes (D).  
The ccIs4251 transgene leads to GFP localization in muscle nuclei (green dots) and 
mitochondria in all strains. Double mutant LS761 animals present a strong paralysis due to 
muscle degeneration and muscle cell loss. Absent muscle cells in the double mutant LS761 
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INTRODUCTION 
Duchenne Muscular Dystrophy (DMD) is an X-linked inherited disease affecting one 
male birth out of 3300 (ref Emery). It is characterized by a progressive muscle loss and 
caused by mutations in the dystrophin gene. Dystrophin is a large cytosquelettal protein 
localized under the sarcolemmal membrane of muscle fibers. Without functional dystrophin, 
muscle fibers lose their sarcolemmal integrity and degenerate through necrosis that triggers a 
worsening immune response (ref). Despite great recent advances in the design of curative 
treatments, most patients currently receive a palliative treatment based on steroid molecules 
such as prednisone or deflazacort that are thought to act through their immunosuppressive 
properties (ref). These molecules only slightly slow down the progression of the disease and 




than 25 years but fundamental research is still needed to reveal mechanisms involved in the 
disease that could be exploited as therapeutic targets. 
Both vertebrates and invertebrates animal models of DMD strongly participated in the 
understanding of dystrophin function, in the depicting of the physiopathology and in the 
design and validation of therapeutic approaches. 
The most prominent invertebrate model for the study of DMD is the nematode 
Caenorhabditis elegans. In C. elgans, the dystrophin orthologous protein is coded by the dys-
1 gene (Bessou et al., 1998). Mutations in the dys-1 gene cause only weak muscle 
degeneration suggesting that the muscles of C. elegans are more resistant to dystrophin-
dependent muscle degeneration than vertebrate muscles (Bessou et al., 1998, Gieseler et al., 
2000). We have previously shown that the combination of the dys-1(cx18) allele with the hlh-
1(cc561) thermo-sensitive allele in worms grown at permissive temperature is sufficient to 
increase the level of muscle degeneration by about 20 fold compared to dys-1(cx18) single 
mutants (Gieseler et al., 2000). This dys-1(cx18); hlh-1(cc561) mutant was extensively used 
by us and others to analyze the muscle degenerative process and to identify genetic 
suppressors of dystrophin-dependent muscle degeneration (Gieseler et al., 2000; Carre-Pierrat 
et al., 2006b; Nyamsuren et al., 2007; Lecroisey et al., 2013; Giacomotto et al., 2013). The 
use of this model also enabled the identification of pharmacologic molecules that inhibit the 
process of muscle degeneration, and some of them were validated in the murine model of 
DMD (Carre-Pierrat et al., 2011). 
The ultrastructural observation of dystrophin-deficient muscles in animal models of 
DMD or from patients biopsies enabled the identification of characteristic features of 
degenerating muscle such as sarcolemma loss of integrity, accumulation of lipofuscin and 
vesicles, alteration of the structural components of the muscle (reviewed in Cullen and 
Watkins, 1993; Nakae et al., 2004). However, because of the heterogeneity in the level of 
muscle degeneration between different fibers and the muscle regeneration occurring in these 
organisms, it is difficult to draw the chronology of these events,to identify their interactions 
and to understand the physiopathology of the process. The absence of muscle regeneration in 
C. elegans, the fact that its cells are individually discernable and its small size make it an 
invaluable model organism for the morphological description of the chronological process of 
muscle degeneration by transmission electron microscopy. Here, we undertook the 
characterization of the entire process of muscle degeneration observing dys-1(cx18); hlh-
1(cc561) worms during development, from hatching to adulthood where the cells often 
reached the later stage of the process which is defined by their total loss. 
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In a first step, we used optical microscopy to map the muscle degenerating cells from 
the 95 body wall muscle cells of dys-1(cx18); hlh-1(cc561) worms. We showed that the 
muscle degeneration process is cell autonomous and that cells in the mid-body are more likely 
to degenerate. We used this peculiar comportment to normalize our experiments cutting and 
observing muscle cells from this region by electron microscopy. 
Electron microscopy highlighted a loss of sarcolemma integrity during the very first 
steps of the degenerating process in accordance with observations from patient biopsies and 
animal models. Furthermore, we observed an accumulation of subsarcolemmal vesicles 
reminiscent of a plasma membrane repair process. Several other morphological alterations 
that we observed are potentially implicated in the phenotypes previously observed by optical 
microscopy (sarcomeric and mitochondrial networks disruption). 
In addition, we characterize for the first time the sub-cellular localization of DYS-
1/dystrophine in C. elegans. Our results demonstrate that, similarly to vertebrates, DYS-1 
exhibits a subsarcolemmal localization and co-localizes with dense bodies. Using yeast two-
hybrid assays, we further showed that DYS-1 interacts with proteins that are required for the 
development and the maintenance of the dense bodies. Dense bodies are the functional 
equivalents of both Z-discs and costameres and are required for the anchoring of sarcomeres 
to the sarcolemma. Interestingly, in vertebrates, dystrophin co-localizes with costameres and 
is thought to provide a mechanical link between the sarcomere and the extra-cellular matrix. 
Given our observations arguing for a mechanical hypothesis in the pathogenesis of 
DMD, we evaluated the implication of exercise in the muscle degeneration process. When 
worms are placed in conditions comparable to force exercise, their muscle degeneration 
increases whereas it decreases when worms are placed in conditions comparable to rest or 
endurance exercise. These observations could help to clarify the controverted implication of 
exercise in DMD patients. 
Finally, our group previously showed that prednisone – the widely prescribed drug to 
DMD patients – reduces muscle degeneration in C. elegans (Gaud et al., 2004). Prednisone is 
though to act against inflammatory processes that take place in the muscles of DMD patients. 
However, C. elegans does not induce an inflammation response in degenerating muscles 
suggesting that prednisone may act through mechanisms others than anti-inflammation. To 
investigate this hypothesis we observed prednisone-treated animals by electron microscopy 
and found that the sarcolemma loss of integrity was greatly reduced suggesting a role of the 





The DYS-1 protein exhibits a sub-sarcolemmal localization in C. elegans body wall 
muscles
 The expression of the dys-1 gene was previously reported in pharyngeal, vulval and 
striated body wall muscles of C. elegans (Bessou et al., 1998). In order to establish the 
subcellular localization of the DYS-1 protein in body wall muscles of adult wild-type worms 
we used a monoclonal antibody directed against a C-terminal region (Figure 1A-D), as well as 
the dys-1::gfpXtransgene (Figure 1 E-I, Bessou et al., 1998). Dense bodies and M-lines were 
identified using antibodies directed against UNC-95, a protein located at the basis of these 
two sarcomere-anchoring structures (Figure 1B and F, Broday et al., 2004). Using confocal 
microscopy, the DYS-1 protein was detected at I bands in the same z plan as UNC-95 (Figure 
1A-C). A vertical line-plot of the DYS-1 signal showed that the fluorescence was slightly less 
intense at the basis of dense bodies/Z disks as indicated by double peaks within the I-band 
(Figure 1D) and rather excluded from the M-line. These localization patterns were confirmed 
using the dys-1::gfp X transgene (Figure 1 E-H) although the DYS-1-GFP localization at I 
bands appears wider. In addition, the DYS-1-GFP protein localized at muscle-muscle cell 
junctions as well as on the apical side of the muscle cell (Figure 1H). Finally, DYS-1-GFP 
wasobserved in muscle arms, which are cellular extensions toward motoneurons to form 
neuromuscular junctions (Figure 1H). Using the DYS-1 monoclonal antibody no signal was 
detected on the apical side nor in muscle arms, probably because of the lower amounts of the 
endogenous protein compared to overexpressed transgenes. 
We then defined more precisely the localization of the DYS-1-GFP protein in body-wall 
muscles by immuno-electron microscopy using the GFP monoclonal antibody on the same 
transgenic line as in Figure 1E-H. On transverse sections, gold beads revealed the localization 
of DYS-1-GFP in contact with, or close to the inner layer of the plasma membrane all around 
the muscle cell (Figure 1I). Most gold beads localized close to the edges of dense bodies but 
were rather excluded from the M line and H zone area (Figure 1I). Few gold beads were 
found in the central cell region of the muscle cell, which may correspond to background 
signal. The same immuno-gold experiments performed with the DYS-1 monoclonal antibody 
did not allow for the detection of a specific signal (data not shown).
Electron and confocal microscopy experiments were therefore complementary to 
respectively determine the apico-basal and lateral localization of the DYS-1 protein at the 
??????????????????????? ?? ???????????
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plasma membrane, at muscle-muscle cell junction, I-bands and with a lower amount in the 
center of dense bodies bases.
DYS-1 binding partners by yeast-two hybrid 
The localization of DYS-1 at dense body basis prompted us to investigate its binding 
partners using the yeast two-hybrid system (Figure 2). To do so, we used a construct coding 
the DYS-1 C-terminal (amino acid 2857 to 3674) as bait. This region is known to bind a 
variety of dystrophin partners in vertebrate muscle (Blake et al., 2002). Prey plasmids encode 
known C. elegans muscle proteins (Qadota et al., 2007, 2008; Xiong et al., 2009).  
Among the tested proteins, DYS-1(2857-3674) binds DYB-1/dystrobrevin (Grisoni et al., 
2002, Genes), UNC-15/paramyosin (Hoppe et Waterson, 2000, Genetics) and DEB-1/vinculin 
(Barstead et Waterston, 1989, J. Biol. Chem). The proteins that did not interact with DYS-1-
Cter are ATN-1/alpha-actinin, PXL-1/paxillin, TLN-1/talin, DIM-1/Disorganized-muscle, 
PAT-3/beta-integrin, PAT-4/ILK, PAT-6/actopaxin, UNC-112/kindlin (Moulder et al., 1996), 
UNC-97/PINCH, UNC-98 and ZYX-1 (Lecroisey et al., 2013, Mol. Biol. Cell). In addition, 
DYS-1(2857-3674) interacts with the central rod domain of DYS-1(2500-2880) suggesting a 
possible homo-dimerization of the protein as observed for the vertebrate protein (Le Rumeur 
et al., 2012). 
The four positive interactions were confirmed using two other constructs to refine the 
site of interaction on DYS-1: DYS-1(2857-3540) (from the central rod domain to the WW 
domain) and DYS-1(3400-3674) (C-terminal domain only). While DYB-1/dystrobrevin, UNC-
15/paramyosin and DEB-1/vinculin interacted with the DYS-1(3400-3674) C-ter domain, the 
homo-dimerization of the protein would be mediated by the region between amino acids 2857 
and 2880. 
dys-1 mutants show weak and progressive muscle degeneration
Previous studies reported that dys-1(cx18) single mutants did not exhibit apparent 
muscle disorganization when observed by polarized light microscopy (Bessou et al., 1998). 
Using rhodamine-phalloidin staining of actin filaments, one degenerated muscle cell was 
rarely observed in adult dys-1(cx18) mutants at three days post-L4 stage (Mariol and Ségalat, 
2001; Lecroisey et al., 2013). This muscle degenerative phenotype increases dramatically 
when the dys-1(cx18) mutation is placed in a sensitized hlh-1(cc561) genetic background 
(Gieseler et al., 2000). In dys-1(cx18); hlh-1(cc561) mutants muscle degeneration 




To assess the evolution of muscle degeneration in dys-1(cx18) single mutants at the 
whole organism scale, worms were analyzed after rhodamine-phalloidin staining from L4 
larval stage to ten days post-L4 stage (Figure 3 A-B). The number of degenerating cells 
constantly increased up to 1.6 degenerating cells per adult worm until six days post-L4 and 
then reached a plateau (Figure 1C). This observation indicates that dys-1(cx18) single mutants 
exhibit a progressive muscle degeneration phenotype, which is however weaker and slower 
compared to the dys-1(cx18); hlh-1(cc561) double mutant. 
Muscle degeneration predominantly occurs in the mid body 
The distribution and frequency of muscle degeneration was assessed by individually 
mapping the degenerating cells along the four muscle quadrants in dys-1(cx18) single mutants 
and dys-1(cx18);hlh-1(cc561) double-mutants. Degenerating muscle cells were observed after 
rhodamin-phalloidine staining of actin filaments and Hedgecock et al. (1987) indexation of C. 
elegans body-wall muscle cells was used to plot the degenerating cells along the antero-
posterior axis of the worm. 
No muscle degeneration was observed in wild-type worms. In dys-1(cx18)three days 
post-L4 worms, muscle cells in the mid body region of the worm showed the highest 
probability to degenerate(cells 13 to 18 between positions A/P = 0.405 and A/P = 0.64). In 
addition, cell 10 (A/P = 0.27) and cell 21 (A/P = 0,78) (Figure 4A) occasionally degenerate. 
We then analyzed the evolution of the distribution and probability of muscle cell 
degeneration in dys-1(cx18); hlh-1(cc561) mutants (Figure 4B). Degenerating cells were 
mapped in dys-1(cx18); hlh-1(cc561) worms from the L4 larval stage (day 0) to four days 
post-L4 adults (day 4). The curves were progressively higher from the L4 larval stage (blue 
curve) to two days post-L4 (green curve) and then stagnated from two days post-L4 to four 
days post-L4 (red curve). This result is in accordance with the link between muscle 
degeneration and the progressive uncoordinated phenotype previously reported (Gieseler et al., 
2000). At the L4 stage (blue curve), the first degenerative events only occurred between the 
positions 0.2 and 0.75 (corresponding to cells number 9 to 20). During adulthood, the 
occurrence of muscle degeneration roughly follows a bell-shaped curve extending from 
positions 0.15 to 0.90 (cells 7 to 24) and centered at the vulva region (A/P = 0.55). Between 
30 to 50% of the cells of the mid body region (cells 11 to 20) were degenerating at three and 
four days post-L4 (orange and red curves). 
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This approach indicates that muscle degeneration does not occur evenly along the 
anteroposterior axis of the worm and that the mid-body of the worm is the region where 
muscle degeneration is the most likely to occur. 
Muscle degeneration is a cell-autonomous phenomenon 
In order to analyze whether a degenerating cell influences the probability of its 
neighboring cells to degenerate, adult dys-1(cx18); hlh-1(cc561) worms were analyzed at four 
days post-L4 when they exhibit the highest muscle degeneration rate of all tested conditions. 
The probability to degenerate for each individual muscle cell was plotted on the Hedgecock 
indexation schematic (Figure 4C). In accordance to the results presented above in Figure 4B, 
muscle degeneration never occurred in the most anterior part of the worm (cells 1 to 7 of each 
quadrant), but occurred frequently in the cells located in the middle region of the worm and 
rarely in the posterior region. Interestingly, neither the cell lineage origin of all individual 95 
muscle cells (Sulston et al., 1983) nor the nature of the innervating motoneurons (Haspel and 
O’Donovan, 2011) seemed to be linked to the individual probability of the cells to degenerate.  
Muscle degeneration frequency follows a bell-shaped curve along the antero-posterior 
axis (Figure 4B). Cell16 located in the mid-body of the worm exhibits a high probability to 
degenerate. A Chi2-test was used to analyze the probabilities of degeneration of the 
neighboring cells of cell 16 depending on its state: degenerating or healthy (Figure 4D). The 
Chi2-based approach showed that a degenerating cell 16 did not influence the probability of 
degeneration of its four neighboring cells. This observation indicates that muscle degeneration 
is a cell autonomous phenomenon.  
Actin filament degradation is a progressive process that lasts about 20 hours
To further characterize the progression of actin filament degradation occurring during 
muscle degeneration and to estimate the timing of this process, the actin network organization 
was followed in alive wild-type worms and in dys-1(cx18); hlh-1(cc561)double mutants. For 
this purpose a LifeAct-mCherry transgene was expressed in the muscles of these worms. 
LifeAct constructs have already been used in several species (Riedl et al., 2008; Berepiki et 
al., 2010; Huang et al., 2012; Jang et al., 2012), but, to our knowledge, this is the first study 
using a LifeAct construct in living muscle. First, the influence of the transgene on the level of 
muscle degeneration was analyzed in three days post-L4 dys-1(cx18); hlh-1(cc561) worms. 
Worms carrying the LifeAct transgene did not show significantly different levels of muscle 




Second, to assess the evolution of the morphology of actin filaments in degenerating 
muscle cells, dys-1(cx18); hlh-1(cc561) mutants carrying the LifeAct were observed every 
four hours during twenty hoursstarting from the L4 larvae stage. This approach emphasized 
the progressive actin network disruption that can be subdivided in 4 steps. First, the actin 
network appeared undulating; second, actin accumulated at the tips of the cell; third, actin 
formed coils; fourth actin coils progressively disappeared (Figure 5B-E, Video S1). Thus, 
degradation of actin filaments as observed by phalloidin-rhodamin staining or Life-Act-
mCherry is one of the hallmarks of muscle degeneration in C. elegans, which lasts about 20 
hours. 
Electron micrographs on adult dystrophic worms highlight severe phenotypes
To observe the sub-cellular defects in degenerating muscle cells at higher resolution, 
adult dys-1(cx18); hlh-1(cc561) worms were analyzed at three days post-L4, using 
transmission electron microscopy.  
Because muscle degeneration is a mosaic event and most frequently occurs in the mid-
body region (Figure 6D), transverse sections were performed in the vulva region. As in C. 
elegans muscle cell do not regenerate and we showed that muscle degeneration is a cell-
autonomous mechanism (Figure 6B), the observation of several cell sections allowed for the 
observation of the average subcellular muscle phenotype.  
In wild-type adults transverse section of body wall muscle cells allowed for the 
observation of the myofilament lattice composed of adjacent sarcomeric bundles, which 
localizes near the plasma membrane facing the hypodermis. The layer of the contractile 
apparatus, is approximately 1,5 ?m thick. Dense bodies and M-lines, which respectively link 
thin and thick filaments, anchor the sarcomeres to sarcolemma. Dense bodies appear as 
electron dense structures wherease M-line are often undistinguishable. Flattened sarcoplasmic 
reticulum surrounds each dense body and can also be observed adjacent to the plasma 
membrane underneath the lattice.The muscle belly contains the nucleus, mitochondria, 
endoplasmic reticulum and ribosomes(Figure 6A). The nucleus is seen only in few cell 
sections as its diameter if 5-10 μm in a cell that is about 100 μm along the antero-posterior 
axis.
The muscles ofdys-1(cx18); hlh-1(cc561) mutants displayed wide and miscellaneous 
cellular defects (Figure 6B-F). Cell fraying or even cell fragmentation was suggested by the 
observation of more than 3 cell sections per quadrant (Figure 6B). In addition cell-cell 
adhesion issues (Figure 6E) and wide plasma membrane disruption were observed (Figure 
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6B). Ribosomes were seen within the actomyosin bundles of degenerating cells whereas this 
observation was rarely made in wild-type adult muscle (Figure 6C, D and F). The actomyosin 
bundles were often miss-shaped and miss-oriented (Figure 6D). Directly linked to this latter 
observation, dense bodies were disrupted into several pieces or totally detached from the 
sarcolemma (Figure 6D and Video S2). Accordingly, reminiscent dense material of disrupted 
dense bodies was often observed on the inner side of the sarcolemma. At a whole-cell scale 
these defects in actin filaments anchoring structures could explain the actin network 
phenotype observed by rhodamine-phalloidin and LifeAct. M-lines are not easily 
distinguishable by TEM in C. elegans. Thus, to assess their morphology, immunofluorescence 
experiments were carried out and stainedworms were observed by optical microscopy. Similar 
defects such as those seen by rhodamine-phalloidin for the actin network were observed for 
the myosin network (Figure S1 [work in progress]). We can thus speculate that similar defects 
to the ones observed for dense bodies could happen to M-lines at the ultra-structural scale. A 
wide variety of vesicles was found in the apical part of degenerating muscle cells. Single and 
multi-membrane vesicles that were only rarely seen in wild-type cells were often observed in 
dys-1(cx18); hlh-1(cc561) cells (Figure 6D and E). Finally, morphological defects in 
mitochondrial electron density were observed. Mitochondria were darker compared to wild-
type, presented white crystals and were swollen (6C, E and F). In addition swollen 
endoplasmic reticulum was frequently observed in degenerating cells (Figure 6F). 
As a conclusion, dys-1(cx18); hlh-1(cc561) muscle cells display severe defects in 
sarcomeric structures (dense bodies, M-lines, actomyosin bundles) but also alterations in non-
muscle specific structures and organelles (plasma membrane, mitochondria, endoplasmic 
reticulum). Similar observations were made on DMD patients biopsies where the loss of 
plasma membrane integrity is evident as well as the accumulation of subsarcolemma vesicles, 
disruption of Z-disks, and swelling of endoplasmic reticulum. Moreover, mitochondria with 
abnormal morphology were seen in degenerating fibers (Figure S2).
Chronological analysis of the ultra-structure of the muscle degeneration phenomenon 
reveals miscellaneous morphological defects
To study the primary subcellular events and the morphological evolution leading to the 
strong sub-cellular phenotype observed in the muscles of dys-1(cx18); hlh-1(cc561)mutants at 
three day post-L4, the ultrastructure of muscle cells was observed during development. dys-




single mutants and wild-type worms) were analyzed at all stages from L1 larvae to one day-
post L4, using transmission electron microscopy (Figure 7).  
Because muscle degeneration is a mosaic event and most frequently occurs in the mid-
body region (Figure 6), transverse sections were performed in the vulva region. As in C. 
elegans muscle cell do not regenerate and we showed that muscle degeneration is a cell-
autonomous mechanism (Figure 6B), the observation of several cell sections allowed for the 
observation of the average subcellular muscle phenotype at a given stage. For each muscle 
cell section, several morphological parameters were measured (cell area and circularity; 
sarcomeric bundles area and circularity; mitochondria number and area; vesicles number and 
area; see the single mutants measures and non-significant measures in Figure S3 [work in 
progress]). 
Using phalloidin-rhodamin staining of actin filaments, the first significant signs of 
muscle degeneration are classically observed at the L4 larval stage. Interestingly, observations 
of muscle cells by transmission electron microscopy revealed the occurrence of first 
significant morphological defects in muscles dys-1(cx18); hlh-1(cc561) worms already at the 
L1 stage (Figure 7A and D). At this stage, sarcomeric bundles appeared less compact and 
showed significantly lower circularity compared to wild-type (Figure 8A-D, 
cN2=0.687±0.030 vs. cDMD=0.571±0.033). This measure highlights a compartmentalization 
issue translated by abnormal localization of the sarcomeric bundles that can reach the apical 
cell membrane, and atypical presence of ribosomes on the basal side of the cell. 
At the L2 stage, additional defects were observed in muscles of in dys-1(cx18); hlh-
1(cc561) mutants. Dense bodies were of smaller size than in wild-type. The muscle cells of 
dys-1(cx18); hlh-1(cc561) mutants sometimes had small holes in their plasma membrane. 
Whereas wild-type cells showed only few vesicles at this stage, dys-1(cx18); hlh-1(cc561)
muscle cells often had single membrane vesicles (sv in Figure 7E).  
At the L3 stage, wild-type muscle cells had well-organized sarcomeric bundles and 
mitochondria (Figure 7C). On the contrary, in dys-1(cx18); hlh-1(cc561) worms, the muscle 
cells showed dramatic disorganization of the sarcomeric bundles and disrupted dense 
bodies.In addition, mitochondria appeared dispersed and the number of holes in the plasma 
membrane increased (Figure 7F). 
At the L4 stage, wild-type musclesand their sarcomeric bundles increased in size 
compared to the L3 stage (Figure 7G). The muscle cells of dys-1(cx18); hlh-1(cc561) worms 
however exhibited an increase of the previously observed sarcomeric defects. In addition, 
mitochondria presented morphological defects as they appeared darker and they showed white 
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crystals. In addition, important swelling of the endoplasmic reticulum was observed (Figure 
7H).  
In addition, during the progression of muscle degeneration, an accumulation of vesicles 
was observed in the muscles ofdys-1(cx18); hlh-1(cc561) mutants (Figure 7). To reflect their 
different nature, these vesicles were classified into three groups; i. single membrane vesicles, 
ii. multi-membrane vesicles and iii. lipid droplets accordingly to the morphological 
classification presented in Figure S4. The measures of the vesicular area per cell section 
particularly emphasized the faster increase of the overall vesicular area per cell in dys-
1(cx18); hlh-1(cc561) worms from L1 to one day post-L4 when compared to wild-type 
worms (Figure 8E). Paradoxically, the lipid droplet area per cell is lower in muscle cells of 
dys-1(cx18); hlh-1(cc561) at all stages and significantly in L4 (aN2=0.055±0.027 vs. 
aDMD=0.014±0.007) and one day post-L4 worms muscle cells (aN2=0.060±0.026 vs.
aDMD=0.012±0.010). Both single-membrane and multi-membrane vesicular areas significantly 
increased with age. The increase of single-membrane vesicular area was significant at the L3 
larval stage (aN2=0.003±0.002 vs. aDMD=0.023±0.008) and the increase of multi-membrane 
vesicular area became significant at the L4 larval stage (aN2=0.000±0.000 vs. 
aDMD=0.034±0.011).  
Multi-membrane vesicles may correspond to autophagosomes or late lysosomes. Along 
with the autophagic process, the single membrane vesicles could be reminiscent of lysosomes 
that are also involved in the mechanisms of proteins and organelles degradation and recycling 
(Borsos et al., 2011, Autophagy). However, these vesicles could also be reminiscent of an 
increase in the exo-endocytosis flux (Figure 7H). Finally, these vesicles could also correspond 
to sarcoplasmic reticulum surrounding the dense bodies that was released after the disruption 
of these anchoring structures (Figure 7H).  
Altogether, the ultrastructural analysis of dys-1(cx18); hlh-1(cc561) mutants during 
development revealed the chronology of sub-cellular events occurring during the degenerative 
process of the muscle cells. Issues in sarcomere organization and sarcolemma integrity occur 
early during larval development, and are followed by the disruption of sarcomeric anchoring 
structures (i.e. dense bodies). It is likely, that these primary defects then trigger the appearance 
of single and multi-membrane vesicles, the disorganization of the mitochondrial network and 
the swelling of the endoplasmic reticulum.The primary defects such as the 
compartmentalization issue, the loss of sarcolemmal integrity and the disruption of dense 




dense bodies. In vertebrates, dystrophin interacts with microtubules (Pins et al., 2009, J. Cell 
Biol.) and thus could participate in the organization of the cytoskeleton and help in stabilizing 
the polarity of the cell. In C. elegans muscle, such interaction remains elusive but particular 
localization of the microtubules at the vicinity of the sarcolemma in the region where the 
muscle belly and the sarcomeric bundles separates argue for a compartmentalization function 
of the protein. 
Muscle degeneration is bending forces dependent
The distribution of bending forces along the antero-posterior axis, during forward 
movement, was recently defined (Shen et al., 2012). The highest values of bending forces 
were located in the mid-body region of the worm. Since muscle degeneration occurs more 
frequently in this same region, we tested whether the intensity of bending forces was directly 
involved in this process.
Agar concentration of culture media was shown to modify the mobility behavior of the 
worms and higher agar concentration makes it harder for worms to move forward (Karbowski 
et al., 2006; Figure S5D and E). The drag forces against worm movement depend on the 
width of the liquid layer on the top of the plate on which worms move. The width of the liquid 
layer is correlated with the size of the liquid meniscus forming around the worms (Sauvage et 
al., 2000; Shen et al., 2012). 
In order to establish the impact of different drag forces on muscle degeneration dys-
1(cx18), hlh-1(cc561) single mutants,dys-1(cx18); hlh-1(cc561) double mutants and wild-type 
worms were grown on NGM (Normal Growth Medium) plates containing 0.8%, 2% or 5% of 
agar, and the degeneration of body-wall muscle cells was quantified after rhodamin-phalloidin 
staining at three days post-L4 (Figure 9A). In our culture conditions, the liquid layer as 
indicated by the width of the meniscus forming around the worm decreased with increasing 
agar concentrations (Figure S5A-C). According to previous studies (Karbowski et al., 2006; 
Shen et al., 2012), this observation suggests that with increasing agar concentrations, the drag 
forces against the worm movement increased and worms need to produce higher bending 
forces to move.
In dys-1(cx18); hlh-1(cc561) double mutants, the muscle degeneration significantly 
increased with the firmness of the media. Four, six and eight cells were degenerating in 
average per pair of quadrants in 3-days post-L4 worms grown on 0.8%, 2% and 5% agar 
NGM plates, respectively (Figure 9A).  
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To compare muscle degeneration in worms grown on NGM plates containing 0.8% and 
5% to standard culture conditions (2% of agar), the level of muscle degeneration on 2% agar 
NGM plates was set at 100% for each strain (Figure 9B). No difference was observed for the 
hlh-1(cc561) single mutant. Conversely, for both the dys-1(cx18) single mutant and the dys-
1(cx18); hlh-1(cc561) double mutant, the level of muscle degeneration decreased on plates 
containing 0.8% of agar, and increased on plates containing 5% of agar (Figure 9B). To 
further confirm that increased firmness of the culture plates led to increased muscle 
degeneration, dys-1(cx18) mutants were cultured on plates with agar concentrations ranging 
from 2 to 14% (Figure 9C). When grown on plates containing 5%, 8%, 11% and 14% of agar, 
adult dys-1(cx18) worms at three days post-L4 exhibited significantly increased levels of 
muscle degeneration compared to standard culture plates (2% of agar). On 14% agar 
containing platesabout 1 degenerating muscle cells per worm was observed compared to 0.1 
cells on standard NGM 2% of agar containing plates.
These results demonstrated the impact of plate firmness on muscle degeneration. In 
agreement with this observation, when grown in liquid culture – where bending forces are low 
(Shen et al., 2012) – dys-1(cx18); hlh-1(cc561) double mutants showed only rarely 
degenerating muscle cells (our unpublished results). Altogether, these results confirm the 
hypothesis that bending forces intensity influences dystrophin-dependent muscle degeneration.
We then investigated whether a forced immobilization of the worms could reduce 
muscle degeneration (Figure 9D). To this end, dys-1(cx18); hlh-1(cc561) double mutants 
were cultured on standard NGM plates and transferred at the L4 larvae stage on plates 
containing 10 mM muscimol for 24 hours and then transferred back to standard NGM plates. 
Muscimol is an anesthetic used to paralyze C. elegans (Davis et al., 2010). All muscimol-
treated worms were paralyzed after 24 hours and recovered their mobility in less than two 
hours after being transferred back to standard plates. Muscle degeneration was quantified 
using rhodamin-phalloidin staining directly after the 24 hours muscimol treatment (at one day 
post-L4) and 24h after the worms were transferred back on standard NGM plates (at two days 
post-L4). At one day post-L4 the number of degenerating muscle cells was reduced to two 
cells per pair of quadrants in muscimol treated worms compared to five degenerating cells per 
pair of quadrants in control worms; at two days post-L4 muscimol treated worms exhibited 3 
degenerating muscle cells per pair of quadrants compared to 6.5 degenerating cells per pair of 
quadrants in control worms. This result shows that muscimol treatment significantly reduces 




Immobilization-mediated reduction of muscle degeneration and prednisone treatment 
ameliorate plasma membrane condition 
To assess the mode of action of muscimol-mediated immobilization on the reduction of 
muscle degeneration, dys-1(cx18); hlh-1(cc561)mutants were treated with muscimol as 
described above and observed by electron microscopy 2 hours after the end of the treatment 
(Figure 10A). 
Cells from control worms (dys-1(cx18); hlh-1(cc561)mutants not treated with 
muscimol) showed similar morphological defects to that observed in Figure 7H with plasma 
membrane holes, altered dense bodies, denser and swollen mitochondria and swollen 
endoplasmic reticulum (data not shown). In contrast, muscle cells of muscimol-treated dys-
1(cx18); hlh-1(cc561)mutants exhibited fewer holes in their plasma membrane and milder 
morphological defects in mitochondria and endoplasmic reticulum. Occasionally, external 
budding of cytoplasmic content was observed in these cells suggesting a plasma membrane 
repair mechanism dependent on budding of altered regions of the plasma membrane (Figure 
10A). 
Our group previously showed that prednisone, the current molecule prescribed to most 
DMD patients, also reduces muscle degeneration in C. elegans. Whereas the molecule is 
though to work through its immunosuppressive properties, the fact that there is no 
inflammatory-mediated amplification of the degenerative process suggests that the molecule 
could also have a muscle specific path of action. To investigate this possibility, we observed 
prednisone-treated worms by electron microscopy at the young adult stage (Figure 10B-F). 
This approach showed that all typical observations of the degeneration process 
previously shown could be observed in treated animals albeit in a lesser extent. Particularly, 
infrequent alteration of the plasma membrane testified for an amelioration of sarcolemmal 
integrity (Figure 10B-C). However, in some cells at later stages of muscle degeneration 
autophagic reminiscent vesicles, altered mitochondria and swollen endoplasmic reticulum 
were observed (Figure 10D-F). The rareness of single membrane vesicles also argue for an 
higher stability of the sarcolemma. Prednisone could thus delay the muscle degeneration 




Figure 1: DYS-1 and DYS-1-GFP proteins exhibit subsarcolemmal localization and 
overlap I bands in adult body-wall muscles 
A-I: Confocal analysis of DYS-1 (A-D) and DYS-1-GFP (E-I) localization in wild-type and 
dys-1::gfp transgene-carrying adult worms respectively. DYS-1 (A, green in C) and DYS-1-
GFP (E, green in G) localization was assessed using DYS-1 and GFP monoclonal antibody 
respectively. UNC-95 polyclonal antibody (B and F, red in C and G) was used as positive 
control for dense bodies (black arrowheads) and M-lines (chevrons) organization (red). 
C and G: Merge of the A, B and E, F images respectively showing a localization of DYS-1 
and DYS-1-GFP proteins along I bands. 
D: Line plot of the DYS-1 fluorescence along the 7μm-length vertical area indicated in A-C. 
The three double peaks revealed a peculiar pattern of localization of DYS-1 at I bands with a 
slightly weaker signal at the basis of dense bodies (green arrowheads in A and D). 
H: Maximum projection of the DYS-1-GFP signal in wild-type muscle along the y-axis.The 
use of the Fire look-up table enables the observation of a faint DYS-1-GFP signal in muscle 
arms (asterisks in H). The right panel corresponds to a maximum projection of the rectangular 
area along the x-axis suggesting that DYS-1-GFP localizes close to the plasma membrane on 
both apical and basal sides of the cell (red and blue arrowheads respectively) as well as on the 
cell edges (white arrows). It also allows a lateral visualization of a muscle arm (purple 
asterisk) 
Scale bars 5 μm. 
J: Electron microscopy analysis of DYS-1-GFP localization on transversal section of a body-
wall muscle cell with the GFP antibody. Gold-beads were observed in contact or close to the 
plasma membrane all around the cell (asterisks in J). Red and blue arrowheads point to apical 
membrane and sarcolemma respectively. White arrows point to cell-cell junctions plasma 
membranem: mitochondria, db: dense body, ml: M-line, ps: pseudocoelum, hy: hypodermis, 





Figure 2: C. elegans muscle proteins tested for interaction with DYS-1 by the yeast two-
hybrid system. 
All results obtained by yeast two-hybrid assays using DYS-1 bait constructs against a prey C. 




Figure 3: Muscle degeneration in dys-1 mutants is unfrequent but significative and 
progressive 
A-B: Rhodamin-phalloidin staining of wild-type worm (A; ventral quadrant) and a dys-
1(cx18) (B; dorsal quadrant) worm showing a degenerating cell (asterisk in B). Scale bar: 100 
μm. 
C: Quantification of the number of degenerating cells in dys-1(cx18) worms from L4 (day 0) 
to 10-days post-L4 showing the progression of the phenotype in this context (n=20). A 
plateau is reached in 6-days post-L4 worms in which a mean of 1.6 degenerating cell per 
worm is observed (0.8 cell per pair of quadrants). Error bars: SEM (Standard Error to the 





Figure 4: Muscle degeneration is more likely to occur in the mid body of the worm. 
A. Distribution of degenerating cells in 4-days post L4 dys-1(cx18)single mutants (n=144 
quadrants). Note the difference of the y-axis scale between B and C. No degenerating were 
observed in wild-type worms (n=144 quadrants). 
B: Evolution of the distribution of degenerating cells in dys-1(cx18); hlh-1(cc561)worms at 
L4. The number of degenerating cells is plotted along the antero-posterior axis of the worm 
(0=head; 1=tail, vulva=0.55 ; n=144 quadrants). The position of cells 11 and 20 are noted for 
landmarks.  
C.Distribution of degenerating cells and their probability to degenerate.Individual 
degenerating cells were mapped in 4-days post-L4dys-1(cx18); hlh-1(cc561) worms. The 
muscle degeneration was measured and mapped per quadrants (n=144). The schematic 
indexation of the 95 body-wall muscle cells is adapted from Hedgecock et al. (1987). Note 
that the relative size of muscle cells is not respected (V: vulva). The scale below the panel D 
indicates the assigned color of 6 typical degeneration probabilities. The results in C 
correspond to the results plotting the red curve for 4-days post-L4 presented in B. 
D. Distribution of the degeneration probabilities in the neighbouring cells of the cell 16 in 4-
days post-L4 dys-1(cx18); hlh-1(cc561) mutants (same data set as in B). The left and right 
panels respectively represents the probabilities to degenerates for cells 14, 15, 17 and 18 when 
the cell 16 degenerates (n=46 quadrants) or not (n=98 quadrants). The scale below indicates 
the assigned color of typical degeneration probability.Statistical analyses were carried out 




Figure 5: Muscle degeneration is a 20 hours lasting phenomenon 
A: Effect of the LifeAct transgene on the muscle degeneration level in dys-1(cx18); hlh-
1(cc561) mutants. Muscle degeneration was quantified after rhodamin-phalloidin staining of 3 
days post-L4 worms carrying or not the LifeAct transgene. Degenerating cells were quantified 
per pair of quadrants (n=20). Error bars: SEM (Standard Error to the Mean).Statistical 
analyses were carried out using the Mann-Whitney test. 
B-E: Actin network observation during muscle degeneration in LifeAct dys-1(cx18); hlh-
1(cc561) worms using the LifeAct Daily Imaging procedure (see Material and Methods). 







Figure 6: The ultrastructural analysis of muscle degeneration emphasizes several 
morphological defects 
Transversal sections were performed in the mid body region of 3-days post-L4 wild type and 
dys-1(cx18); hlh-1(cc561) double mutants worms. 
A: Transversal section of a muscle quadrant in a wild type worm.The dotted lines surround 3 
muscle cells (#1, #2 and #3). The basal part of the cells contains dense bodies (db), 
sarcomeric bundles (sb), sarcoplasmic reticulum (sr), and the apical region contains 
mitochondria (m), endoplasmic reticulum (er).Neither the nucleus nor M-lines can be 
observed in this section. Outside the muscle cells, on the basal side, one can observe the 
hypodermis (hy) and the cuticle (cl). On the apical side, the internal region of the worm, the 
pseudocoelom (ps) and an intestine cell (int).  
B-F: Morphological defects of a degenerating muscle cellsin dys-1(cx18); hlh-1(cc561)double 
mutants. 
B: 6 muscle cells sections are observed in this quadrant (#1 to #6). Note that only reminiscent 
material is observed for cell #6.  
C-D: Plasma membrane disruption is observed between arrowheads in C. Insets in C 
correspond to magnified areas a, b and c to allow an easier observation of the holes in the 
plasma membrane. Muscle cells in C and D show alteration of their sarcomeric bundles and 
disruption of their dense bodies (particularly in D). 
E: Cell-cell adhesion defectis indicated by two arrows. 
Mislocalisation of ribosomes at the basal side of the cell and the accumulation of numerous 
single-membrane (sv) and multi-membrane-vesicles (mv) are observed in C, D, E and F. 






Figure 7: Chronological analysis of the muscle degeneration process form L1 to L4 (ou 
young adults à voir) 
A-C and G: Electron-micrographs of representative muscle cells of wild-type worms at L1 
(A), L2 (B), L3 (C) and L4 (G) 
D-F and H: Electron-micrographs of representative muscle cells of dys-1(cx18); hlh-1(cc561)
worm at L1 (D), L2 (E), L3 (F) and L4 (H) 
m: mitochondria, er: endoplasmic reticulum, sr: sarcoplasmic reticulum n: nucleus, sv: single-
membrane vesicle, db: dense body, lip: lipid droplet 
D: At L1 stage, the sarcomeric bundles appear less compact and ordered in dys-1(cx18); hlh-
1(cc561) worms. 
E: At L2 stage, holes in the plasma membrane might appear as suggested by the presence of a 
hole (arrowhead) in a vesicle membrane (sv) which content has the same electron density as 
the pseudocoelum.  
F: At L3 stage, several single-membrane vesicles are found in the cytoplasm (sv), several 
holes in the plasma membranes are observed (arrowheads pairs) and dense bodies seem to be 
disrupted into pieces (db). 
H: At L4 stage, in addition to the observations made in F, mitochondria appear denser to 
electrons than in wild-type and present white crystals (m), the endoplasmic reticulum is 
swollen (er) and sarcoplasmic reticulum can be found detached from any dense body or the 
plasma membrane (sr). 





Figure 8: Statistical analysis of the morphological alterations observed in muscle degeneration 
A-D: Analysis of the circularity of sarcomeric bundles in L1 worms.  
A: Exemples of geometrical shapes and their corresponding circularity as measured in ImageJ. 
B and C: Measures of circularity on two muscle cell sections from wild-type (B) and dys-1(cx18); 
hlh-1(cc561) (C) worms cells respectively. 
D: Box-plot showing the lower circularity of sarcomeric bundles from dys-1(cx18); hlh-1(cc561)
worms cells when compared to cells from wild-type worms (n>20). Statistical analyses were carried 
out using the Student T-test. 
E: Analysis of the vesicular area per cell section in wild-type and dys-1(cx18); hlh-1(cc561) worms 
cells from L1 to young adults worms (n>20). The single-, multi-membrane and lipidic vesicular 
areas per cell section are respectively shown in light gray, dark grew and yellow. Statistical 
analyses were carried out using the Mann-Whitney test. 
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Figure 9: DYS-1-dependent muscle degeneration varies with bending forces intensity 
and is a cell-autonomous phenomenon 
A: Effect of culture media firmness on muscle degeneration. Wild-type (N2), dys-1(cx18)
andhlh-1(cc561)single mutants and dys-1(cx18); hlh-1(cc561)double mutants were grown on 
0.8%, 2% and 5% agar NGM plates till 3-days post-L4. After rhodamin-phalloidin staining, 
the degenerating cells were quantified per pair of quadrants (n=20). 
B: Normalization of the data in A to the routine culture conditions (2% agar NGM plates 
condition is set at 100%, red line) for each genotype and culture condition. 
C: Effect of culture media firmness on muscle degeneration in dys-1(cx18) worms. Worms 
were grown on 0.8%, 2%, 5%, 8%, 11% and 14% agar NGM plates till 3-days post-L4. After 
rhodamin-phalloidin staining, the degenerating cells were quantified per pair of quadrants 
(n=20). 
D: Effect of the anesthetic muscimol on muscle degeneration. dys-1(cx18); hlh-1(cc561)
double mutants were grown on classical NGM plates and L4 worms were then transferred for 
24 hours on plates containing 10 mM muscimol, and finally transferred back on classical 
NGM plates plates without muscimol. The violet area corresponds to the treatment period 
(water control or muscimol). Muscle degeneration was quantified by rhodamin phalloidin 
staining at day 0 (L4), day 1 and 2 on treated and untreated worms (n=20). 






Figure 10: Effects of the muscimol treatment on the ultrastructural morphology of dys-
1(cx18); hlh-1(cc561) worms. 
Representative electron micrograph of a muscle cell section of a dys-1(cx18); hlh-1(cc561)
worm immobilized for 24 hours with muscimol and fixed two hours after the end of the 
treatment. The plasma membrane shows no holes but rather external budding of cytoplasmic 
content (asterisks). On these buds presents a hole in its lipidic membrane (arrowhead). 




Figure S1: Myosin network phenotype in DMD worms 
Figure S2: Biopsies 




Figure S4: Classification chart of observed vesicles
First column: single-membrane vesicles can be of several origins (endosomes, exosomes, 
lysosomes, sarcoplasmic reticulum). 
Second column: multi-membrane vesicles are reminiscent of the autophagic process. 
Third column: lipid droplets are easily distinguishable on their low density to electrons and 
their peculiar lipidic monolayer.  
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Figure S5: Media firmness, meniscus and Caenorhabditis elegans locomotion 
A-C: The size of the meniscus forming at the edges of the worm get bigger when the firmness 
of the culture media decrease meaning that the liquid layer width increases. The area of the 
image in the white rectangle is magnified on the respective left panels. The double arrow or 
the arrowheads indicate the edges of the meniscus. An L4 stage wild-type worm grown on a 
classical plate has been transferred to a 0.8% agar NGM plate (A), a 2% agar NGM plate (B) 
and then a 5% agar NGM plate (C). 
D-E: Locomotion analysis has been carried out counting the number of body bends of wild-
type L4 worms in 20 seconds periods in 90 (D) and 10 (E) worms respectively. 
D: Worms grown on media of different firmness show differences in frequency of body bends 
(n=30). 
E: Worms transferred from one media to an other (0.8%, 2% and then 5%) show similar 
variation in frequency of body bends indicating that firmer is the media, harder it is for the 
worm to move (n=10). The red curve corresponds to the calculated mean for each media type. 







In vertebrates, dystrophin localization has been established beneath the entire sarcomere 
(Blake et al., 2002, Physiol. Rev.). Our results show that DYS-1 presents the same pattern of 
localization except that it is absent from the sarcolemma near the M-lines. Because DEB-1 is 
enriched a the dense body, the interaction between DYS-1 and DEB-1 could slightly drive the 
localization to this structure. A particularity of C. elegans sarcomere anchoring could also 
explain this difference. Indeed, in C. elegans both M-lines and Z-disks homologs are anchored 
to the plasma membrane and the extra-cellular matrix, whereas in vertebrate skeletal muscle, 
only Z-disks are anchored through costameres (Moerman and Williams, 2006; refs 
vertebrates). Hypothetically, DYS-1 could be excluded from this precise site to ensure a 
proper anchorage of this structure. Thus in both C. elegans and vertebrate muscle, dystrophin 
is indirectly implicated in Z-disk but not in M-line anchorage. The structural difference 
mentioned above could explain why DYS-1 is localized throughout the plasma membrane 
with the exception of the M-line basis. 
Our results also show that DYS-1 is localized in higher proportion at the cell edges. 
Dystrophin is thought to bind to microtubules (Prins et al., 2009), which in C. elegans larval 
and adult muscle run along the edges of the cell and seem to participate in the 
compartmentalization the cell splitting the muscle belly and the sarcomeric spindle. Because 
the mitochondrial network is linked to microtubules, the effect of the absence of dystrophin 
on the microtubular network could further affect the mitochondrial network. In a previous 
study, we presented mitochondrial network perturbations in the dys-1(cx18) single mutants, in 
the dys-1(cx18); hlh-1(cx18) worms and the role of this perturbation in the muscle 
degenerative process (Giacomotto et al., 2013, Hum. Mol. Genet.). 
Muscle degeneration dynamics 
When assessing the level of muscle degeneration in dys-1(cx18); hlh-1(cc561) double 
mutants, we observed that it reached a plateau in 2-days old adults (Figure 2D; Gieseler et al., 
2000). At this age, the locomotion of the worm is altered by the loss of 28 cells per worm on 
average and only 18% of the observed dys-1(cx18); hlh-1(cc561) worms are still able to move 
(Gieseler et al., 2000). This observation suggests that the muscle degeneration process would 
require the worm to move to affect additional cells suggesting a role for movement. 
Interestingly, in dys-1(cx18) the plateau is lower and reached later (reached in 6-days old 
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adults with a value of 1,6 degenerating cells per worm). This finding indicates that the 
locomotion of dys-1(cx18) at this age was sufficiently slowed down to avoid the degeneration 
of additional muscle cells. However, these worms still show an higher locomotion than dys-
1(cx18); hlh-1(cc561) worms and thus should continue to increase the amounts of 
degenerated muscle cells. An explanation could be the role of the hlh-1(cc561) mutation in 
sensitizing the muscle to movement. Although the dys-1(cx18) still move better than dys-
1(cx18); hlh-1(cc561) worms, their body wall muscle cells may better resist to this mild 
exercise whereas even low locomotion of dys-1(cx18); hlh-1(cc561) continues to increase 
muscle degeneration until the worm cannot move at all. In other words, dys-1(cx18) and dys-
1(cx18); hlh-1(cc561) worms would show two different levels of resistance to movement and 
would degenerate as long as their movement will slow down to this threshold. Along with this 
idea, the immobilization of dys-1(cx18); hlh-1(cc561) for the 24 hours following the L4 stage 
avoids the increase of muscle degeneration. Furthermore, after this period, the worm reached 
adulthood where it moves less and the level of muscle degeneration stayed low and showed 
only a slight increase.  
Bending forces and mechanical stress in C. elegans muscle degeneration 
Given this hypothetical role of movement, we then varied the bending forces generated 
by the worm to move in order to investigate the eventual implication of exercise in muscle 
degeneration. The accepted model of C. elegans locomotion defines the dragging forces 
against the worm movement depending on the width of the thin liquid layer on the top of the 
culture medium (Sauvage et al., 2011; Shen et al., 2012). This liquid layer provokes 
capillarity forces on the worm through a meniscus formed all around the animal. The thinner 
is the liquid layer, the smaller is the meniscus, thehigher are the capillarity forces and the 
higher have to be the bending forces of the worm to produce movement. To vary bending 
forces in dys-1(cx18); hlh-1(cc561) worms, we varied the density of the culture media. 
Increasing the agar concentration in NGM makes the media firmer and decreases the width of 
the liquid layer, reducing the size of the meniscus and increases these capillarity forces and 
dragging forces against worm movement. 
In both DYS-1-dependant muscle degeneration conditions – dys-1(cx18) single mutants 
and dys-1(cx18); hlh-1(cc561) double mutants – the level of muscle degeneration varied along 
with agar concentration in the media. Interestingly, the level of muscle degeneration in single 
hlh-1(cc561) mutants did not vary with the increase of exercise suggesting that there is an 




results demonstrate that dystrophin-dependent muscle degeneration is directly correlated to 
the agar concentration in the media and thus to the intensity of bending forces.  
Along with this idea, the use of the pRF4 (rol-6(su1006)) co-injection marker led to 
lower or even absent muscle degeneration (unpublished results). Indeed, the rol-6(su1006) 
mutants were shown to present altered cuticle with altered alae and annulae (Cox et al., 1980) 
that could decrease dragging forces against movement. Moreover, roller worms often exhibit 
a peculiar movement in which part of their cuticle does not adjoin to the media. As a 
conclusion, bending forces and mechanical stress may be implicated or even required for 
muscle degeneration to occur. This new understanding of the muscle degeneration mechanism 
may help us in deciphering the mode of action of several suppressors.  
Moreover, these experiments allowed us to increase muscle degeneration in dys-1(cx18)
single mutants by a 10 fold. The consequent level of muscle degeneration is therefore more 
pertinent and suitable to carry out comparative studies of suppressors by photonic microscopy 
on dys-1 single mutants. Finally, it would be of great interest to check whether other single 
mutants - usually studied in the sensitized hlh-1 background - act the same way in these 
culture conditions to induce muscle degeneration. 
Ultrastructural morphology of dystrophin-dependant muscle degeneration in C. elegans 
Our chronological approach to observe the ultrastructure of the degenerating cells from 
L1 to 3-days old adults emphasized miscellaneous morphological defects in dys-1(cx18); hlh-
1(cc561).  
From L1, we observed defects in the organization of the sarcomeric bundles with the 
observation of irregular height of the sarcomeric bundle within the same cell section. This 
phenotype could be explained by heterogeneous growth of the anchoring structures (dense 
bodies or M-lines) during post-embryonic development of the muscle. Indeed, for a given 
sarcomere, if the anchoring structures exhibit a heterogeneous size, the sarcomeric bundle will 
be pulled down by the smallest ones. At the cell scale, if these structures have heterogeneous 
size, the transversal section should show sarcomeric bundle of heterogeneous height. 
We then observed the appearance of holes (from 50 to 200 μm in length on the section) 
from the L2 stage. These holes were observed all around the cell plasma membrane. This 
observation is reminiscent of the localization of the DYS-1 protein that we described in 
Figure 7. Interestingly, starting from the L3 stage, we observed the accumulation of single 
membrane vesicles. These vesicles were often found at a sub-sarcolemmal position suggesting 
a possible relation with a plasma membrane repair mechanism. Indeed, plasma membrane 
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mechanisms often involve the endo/exocytosis flux in the plasma membrane healing or 
budding. Accordingly, we observed intracellular vesicles with interruption of their membrane 
suggesting a role for endocytosis in the repair of the damaged area of the plasma membrane. 
Single sections electron micrograph as well as serial sectioning revealed a 
disruption/detachment from the plasma membrane of dense bodies during muscle 
degeneration. However, the actin thin filaments were not altered per se, thus, one could 
suggest that actin filaments would stay attached to their neighboring dense body. Therefore, 
the accumulation of actin in coils or at the tips of the cells as seen by rhodamin-phalloidin 
staining could be explained by the detachment/disruption of dense bodies. Such scenario also 
strongly implies the tension exerted by the excitation/relaxation cycles in the observed 
phenotype. 
Given that the dense bodies are often disrupted during muscle degeneration we 
wondered if the DGC was also altered. Our results show that the DYB-1-GFP protein no 
longer localizes to remaining dense bodies in dys-1(cx18); hlh-1(cc561) worms. Moreover, 
we show that this delocalization is an early step in the process of muscle degeneration as it 
occurs even in cells that show only mild defects in myosin filaments anchoring. Data from 
vertebrates indicate that the DGC could form aggregates during muscle degeneration. 
Although we didn’t see patches of GFP signal that could support this idea in C. elegans, it is 
possible that these aggregates lie under the size of detection by confocal microscopy. 
The accumulation of double-membrane vesicles is reminiscent with an activation of 
autophagy that could help in the degradation of such aggregates. This mechanism could also 
be implicated in the degradation of disrupted dense bodies. We also often observed the 
presence of ribosomes and endoplasmic reticulum within autophagosomes.  
Our morphological observation also suggest that metabolism is altered in degenerating 
cells. One class of vesicles that we observed corresponds to lipid vesicles. Quantification of 
the three classes of vesicles showed a faster increase of overall vesicular area per cell section 
in dys-1(cx18); hlh-1(cc561) when compared to wild-type. However, when quantified alone, 
the lipid vesicles showed a lower vesicular area per cell section in dys-1(cx18); hlh-1(cc561)
worms at all stages.  
We first observed a developmental phenotype at L1 stage where the height of the 
sarcomeric bundles was heterogeneous within the same cell. This phenotype was then even 
more severe in L2 and recovered in L3 where the first ultra-structural defects of the sarcomere 
anchoring structures were observed. These observations show that the muscle may not be as 




fat, membrane and energy storage (Mak et al., 2012, J. Lipid. Res.). It is possible that the dys-
1(cx18); hlh-1(cc561) worms had to draw on its lipid droplets to produce more energy to 
achieve locomotion. One can also imagine that the cell could make use of its lipid droplets to 
form lipids bilayer to strengthen its plasma membrane. 
Finally, we occasionally cut the muscle cells through their nuclei but did not observe 
any particular morphological defects. A previous study addressed the morphology of nuclei 
and nucleolus by confocal microscopy in dys-1(cx18); hlh-1(cc561) worms expressing GFP in 
body-wall muscle nuclei and mitochondria (Nyamsuren et al., 2004). This directed approach 
revealed changes in nucleus shape and increased nucleolus size suggesting an increase in 
ribosomal biogenesis. 
Regarding translation mechanisms, the C. elegans muscle tissue has the particularity of 
having regions of the cell that are distant of more than 2 μm from rough endoplasmic 
reticulum. Our results showed that in wild-type growing muscle - in L1 and L2 larvae - some 
ribosomes are localized at the basal plasma membrane. This atypical localization is 
reminiscent of an in situ translation of sarcomere-specific proteins. Interestingly, ribosomes of 
degenerating cells in dys-1(cx18); hlh-1(cc561) worms also show this peculiar localization 
suggesting a reactive mechanism for protein production.  
All in all, this study contributed to deciphering numerous alterations occurring in 
degenerating cells that could lead to a less efficient muscle cell (sarcomeric and/or cell 
homeostasis defects). Frequent muscle degeneration can then lead to reduced movement 
without necessarily imply wide actin network disorganisation or even cell death. Therefore, 
markers of muscle degeneration in C. elegans other than the traditionally used rhodamine-
phalloidin staining would be useful in the quantification of muscle degeneration and 
particularly in the study of the primary steps of the process. 
New hints for the understanding of dystrophin-dependant muscle degeneration in C. 
elegans 
Altogether, our results indicate a major role for bending forces and mechanical stress in 
the process of muscle degeneration. Our morphological study highlighted two major defects 
that can be related to bending forces and mechanical stress: disruption of sarcolemma and 
disruption of anchoring structures of contractile filaments. These two defects might be at the 
origin of the muscle degeneration process triggering the accumulation of single and multi-
membrane vesicles, respectively. Sarcolemma disruption might also trigger perturbation of 
cell homeostasis such as cytosolic calcium concentration regulation leading to a calcium 
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overload in the cell and to mitochondrial dysfunction as recently indicated (Giacomotto et al., 
2013). Dense bodies and M-line disruption might be the cause of the locomotion defects 
observed in the dys-1(cx18); hlh-1(cc561) worms. 
Exercise and muscle degeneration: “Heal the worm…” 
To our knowledge, there is no clear-cut argument to state about the impact of exercise 
on muscular dystrophies symptoms (Gianola et al. 2012, Jansen et al. 2010). In this situation, 
it is difficult to advice patients with respect of the effects of their physical activity. Here, we 
used the C. elegans model of Duchenne Muscular Dystrophy to play our part in the 
clarification of this issue. 
First, our findings show that the intensity of the bending forces that worms develop is 
implicated in the muscle degeneration process. When compared to classical culture 
conditions, increasing the media firmness makes the worm move less, increases its bending 
forces and can then be considered as force exercise. On the contrary, when we reduced the 
media firmness, the worm moved with a higher frequency of bending, develops lower 
bending forces what could be considered as endurance exercise.  
Secondly, in C. elegans, the first condition increases muscle degeneration whereas the 
second decreases it. These findings suggest that force exercise is detrimental to dystrophin-
deficient muscle in C. elegans, whereas endurance exercise would be beneficial compared to 
the classical culture conditions. 
Further experiments on vertebrate models of DMD should be oriented toward this issue 
to see in which extent our findings can be extrapolated to the impact of force and endurance 
exercise in DMD patients. 
MATERIALS AND METHODS 
C. elegans strains and culture conditions
C. elegans strains were culturedas previously described (Brenner, 1974). N2 Bristol strain 
was used as wild-type control. The PD4613 hlh-1(cc561ts) strain (Harfe et al., 1998) was 
obtained from B.D. Harfe (University of Florida) and A. Fire (Stanford University School of 
Medicine). The LS292 dys-1(cx18) strain, LS587 dys-1(cx18); hlh-1(cc561) strain, and LS936 
dys-1(cx18); hlh-1(cc561) zyx-1(gk190) were respectively described in Bessou et al., 1998, 
Gieseler et al., 2000, and Lecroisey et al., 2013. The LS643 strain contains the dys-1::gfpX 




1::gfpIII transgene described in Gieseler et al., 2001 along with the pKP13 co-injection 
marker (Ségalat et al., 1995). This strain was used to cross this transgene in wild-type, LS292 
and PD4613 worms.
Unless stated otherwise, strains were grown at 15°C on 2% agar NGM plates and fed with 
OP50 bacteria.
To study the effect of firmness media on muscle activity and degeneration, different 
concentrations of agar were tested. 0.8%, 2%, 5%, 8%, 11% and 14% agar NGM plates were 
prepared and poored as usual. To ensure the minimal effect from the growth of the bacteria on 
the different plates, OP50 was harvested from 2% plates and sprayed on the test plates.  
Yeast Two-Hybrid Screening 
The pAS2.1-DYS-1(2857-3674)bait plasmid was described in Grisoni et al., 2002. A yeast two-
hybrid screening was performed as previously described (Lecroisey et al., 2008) by mating 
CG1945 yeasts carrying thepAS2.1-DYS-1(2857-3674)bait plasmid with Y187 yeasts 
transformed with a random primed C. elegans cDNA activation domain library (RB2) 
subcloned into the pACT vector (R. Barstead, Oklahoma Medical Research Foundation, 
Oklahoma City). 1.1x107 diploid clones were analyzed for their ability to grow on minimal 
medium lacking Leu, Trp, and His, after 3-d incubation at 30°C. Growth can occur only if the 
bait and the prey proteins interact and the HIS3 reporter gene is transactivated. 48 positive 
clones were obtained andprey cDNAs were sequenced. Sequence analysis was performed 
using BLASTn searches. Three of the positive clones corresponded to the cDNA of UNC-15 
(amino acids 490-620), one clone to the cDNA of DEB-1 (amino acids 1-798), ten clones to 
the cDNA of DYS-1 (amino acids 2500-2880) and 34 clones to the cDNA of SEC-8. 
To recover prey plasmids, plasmid extractions from diploid yeast clones were performed as 
described in Fromont-Racine et al., 1997 and the obtained DNA transformed by 
electroporation into Escherichia coli DH5alpha (Invitrogene, Carlsbad, CA). Prey plasmid 
containing bacteria were screened by PCR and the prey plasmids were purified 
using(miniprep kit) and transformed into the yeast strain Y187 following standard procedures 
(Clontech Palo Alto, CA, Yeast Protocols Handbook, PT 3024-1).  
Interactions of DYS-1(2857-3674) with UNC-15 (amino acids 490-620), DEB-1 (amino acids 1-
798) and DYS-1 (amino acids 2500-2880) prey proteins with the DYS-1(2857-3674) were 
confirmed by mating prey plasmid carrying Y187 yeasts with CG1945 yeasts carrying 
thepAS2.1-DYS-1(2857-3674)bait plasmid or the empty pAS2.1 plasmid (Clontech Palo Alto, 
CA), used as a negative control. SEC-8 was considered as a false positive as diploid cells 
??????????????????????? ?? ???????????
??? ?
carrying the empty pAS2-1 plasmid along with the SEC-8 encoding prey plasmids were able 
to grow on minimal medium lacking Leu, Trp, and His. The same technique was used to test 
interaction between  
UNC-15 (amino acids 490-620), DEB-1 (amino acids 1-798) and DYS-1 (amino acids 2500-
2880) DYS-1(2857-3674)DYB-1(5-590) prey proteins with DYS-1(3400-3674) and DYS-1(2857-3540)bait 
proteins. 
pAS2.1-DYS-1(3400-3674) and pAS2.1-DYS-1(2857-3540)were derived from pAS2.1-DYS-1(2857-
3674)bait plasmid. The pACT2-DYS-1(2857-3674)prey plasmid was described in(Lecroisey et al., 
2008) and pACT2-DYB-1(5-590) prey plasmids was described in Grisoni et al., 2003 
Pharmacological compounds
All pharmacological compounds were added as previously described (Giacomotto, 2009). 
Muscimol (diluted in water) and prednisone (diluted in B-cyclodextrin) were used at final 
concentration of 10 mM and 1 mg/ml respectively.
For muscimol treatment, dys-1(cx18); hlh-1(cc561) worms were grown on classical NGM 
plates and L4 were then transferred for 24 hours on muscimol-containing or control NGM 
plates. Finally, worms were transferred back on classical NGM plates. At each step, a portion 
of both populations (treated and control) was fixed. The six samples were then processed for 
rhodamine-phalloidin staining. 
Immunostaining and fluorescence microscopy
Worms were prepared by Constant Spring method (Benian et al., 1996). Wild-type and LS643 
(dys-1::gfpX) worms were respectively stained with a DYS-1 (1/200) and GFP (1/200 
Invitrogen) mouse monoclonal antibodies as well as an UNC-95 polyclonal rabbit antibody 
(Qadota et al., 2007) used as a marker for M-lines and dense bodies. Secondary antibodies, 
purchased from Invitrogen, were anti-mouse Alexa 488 and anti-rabbit Alexa 555, each used 
at 1/200 dilution. Stained samples were mounted on a glass slide with DAKO (Invitrogen) as 
mounting solution (1/2 in washing solution). 
Acquisition of images was done on a Zeiss LSM510 confocal microscope using 63X oil 
immersion objective with the LSM software (Zeiss). Image post-processing was performed in 




Quantification and mapping of muscle degeneration
Animals were cultured, harvested, fixed and stained with phalloidin-rhodamin as previously 
described (Lecroisey et al., 2013). Mapping of the degenerated cells was carried out following 
Hedgecock et al. (1987) numeration. The cells of the two most visible quadrants were scored 
for 24 worms per condition. Three independent experiments were gathered to obtain the 
results presented in Figure 3A-C.
Statistical analyses were carried out with ExcelStat Software using the Mann-Whitney test.
For the cell-autonomous approach, 144 quadrants were counted. In 46 of them the cell 16 was 
degenerating, in 98 of them the cell 16 was healthy. The state (degenerating or not) of the 
neighbouring cells was assessed in these two populations of quadrants. The probability of 
degeneration for each of the neighbouring cell was then calculated in the two populations. We 
used a Chi-2 test to check that the probabilities were not significantly different between the 
two populations (dof = 3 as there was 4 compared probabilities between the two populations).
LifeAct Daily Imaging
Worms carrying the LifeAct transgene were individually taken from the plate using a 
micropipette and M9 to avoid any damage. They were then dropped off on a slide with a 0,5% 
agar pad, 10 μl of M9 and about fifty 40 μm microbeads (Themofisher, Vermont, C). A 
coverslip with a 0,5% agar pad was gently put over the worm and the montage was 
immediately observed under a Zeiss Axioscop microscope using a 40X air objective and 
images were acquired with Metaview software. Cell of interest was sought gently rotating the 
worm using the beads and mapped using Hedgecock et al. (1987) numeration. Worms were 
then released from the montage and put back on their individual plate using a micropipette 
and the resting M9 till the next acquisition.
Worms were processed as described above at L4 (dys-1(cx18); hlh-1(cc561)) or 3-days post-
L4 (dys-1(cx18)) and the same mapped cell of interest was imaged every 4 h for an overall 
experimental time of 20 h. Series of 5 images of each cell were then processed in JavaMorph 
to obtain a morphing of the cell for 20 h.
Quantification of movement
Wild-type worms were grown on 0.8%, 2% and 5% agar NGM plates. The number of body 
bends of 30 worms was assessed during 20 seconds periods for each condition. The 
movement of 10 worms grown on 2% agar NGM was also individually assessed after transfer 
??????????????????????? ?? ???????????
??? ?
to 0.8%, 2% and 5% agar NGM. A body bend is defined as a period of one sinusoidal 
movement.
Electron microscopy
For immunolabelling, LS643 (dys-1::gfpX) adult worms were picked and processed as 
previously described (Lecroisey et al., 2008).
For morphological analysis, N2, LS292 dys-1 (cx18), PD4613 hlh-1 (cc561) and LS587 dys-1 
(cx18) ; hlh-1 (cc561) worms were picked up from staged plates after egg-lay preparation. 
High-pressure freezing, freeze-substitution and flat embedding were performed as previously 
described (Kolotuev et al., 2010). Ultramicrotomy was carried out so as to image the mid-
body area around the vulva.
Measurements on electron-micrographs
Cells and organelles size and shape were measured from electron-micrographs in ImageJ. 
Results were then exported to R where appropriate statistical analysis was carried out.
Statistical analysis
For the measurements on electron micrographs, variance equality between the tested 
population and wild-type condition was first addressed by the Fisher-Snedecor test. Then, 
normality of the data was addressed by the Shapiro-Wilk test. When both tests showed 
variance equality and normality of the data, the Student t-test was used to address the mean 
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